Optimization of the secondary electron yield of laser-structured copper surfaces at room and cryogenic temperature by Calatroni, Sergio et al.
                                                                    
University of Dundee
Optimization of the secondary electron yield of laser-structured copper surfaces at
room and cryogenic temperature
Calatroni, Sergio; Garcia-Tabares Valdivieso, Elisa; Perez Fontenla, Ana Teresa; Taborelli,
Mauro; Neupert, Holger; Himmerlich, Marcel
Published in:
Physical Review Accelerators and Beam
DOI:
10.1103/PhysRevAccelBeams.23.033101
Publication date:
2020
Document Version
Publisher's PDF, also known as Version of record
Link to publication in Discovery Research Portal
Citation for published version (APA):
Calatroni, S., Garcia-Tabares Valdivieso, E., Perez Fontenla, A. T., Taborelli, M., Neupert, H., Himmerlich, M.,
Chiggiato, P., Bajek, D., Wackerow, S., & Abdolvand, A. (2020). Optimization of the secondary electron yield of
laser-structured copper surfaces at room and cryogenic temperature. Physical Review Accelerators and Beam,
23(3), [033101]. https://doi.org/10.1103/PhysRevAccelBeams.23.033101
General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.
 • Users may download and print one copy of any publication from Discovery Research Portal for the purpose of private study or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain.
 • You may freely distribute the URL identifying the publication in the public portal.
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 28. Apr. 2020
 Optimization of the secondary electron yield of laser-structured copper
surfaces at room and cryogenic temperature
Sergio Calatroni ,* Elisa Garcia-Tabares Valdivieso, Ana Teresa Perez Fontenla,
Mauro Taborelli, Holger Neupert, Marcel Himmerlich, and Paolo Chiggiato
CERN, European Organization for Nuclear Research, Esplanade des Particules 1,
1217 Meyrin, Switzerland
David Bajek, Stefan Wackerow, and Amin Abdolvand
School of Science and Engineering, University of Dundee, Dundee DD1 4HN, Scotland, United Kingdom
(Received 1 November 2019; accepted 19 February 2020; published 11 March 2020)
Electron cloud (e-cloud) mitigation is an essential requirement for proton circular accelerators in order to
guarantee beam stability at a high intensity and limit the heat load on cryogenic sections. Laser-engineered
surface structuring is considered a credible process to reduce the secondary electron yield (SEY) of the
surfaces facing the beam, thus suppressing the e-cloud phenomenon within the high luminosity upgrade of
the LHC collider at CERN (HL-LHC). In this study, the SEYof Cu samples with different oxidation states,
obtained either through laser treatment in air or in different gas atmospheres or via thermal annealing, has
been measured at room and cryogenic temperatures and correlated with the surface composition measured by
x-ray photoelectron spectroscopy. It was observed that samples treated in nitrogen display the lowest and
more stable SEY values, correlated with the lower surface oxidation. In addition, the surface oxide layer of
air-treated samples charges upon electron exposure at a low temperature, leading to fluctuations in the SEY.
DOI: 10.1103/PhysRevAccelBeams.23.033101
I. INTRODUCTION
Electron cloud (e-cloud) mitigation is an essential
requirement in proton circular accelerators for beam sta-
bility and reduction of the heat load in cryogenic sections at
a high intensity [1,2]. In the Large Hadron Collider (LHC)
at CERN [3], this requirement is achieved using activated
nonevaporable getter coatings [4] in the room-temperature
sections and via beam scrubbing of the copper beam screen
surfaces in the cryogenic sections. Both solutions provide a
low enough secondary electron yield (SEY) of the beam-
facing surfaces below the e-cloud multiplication threshold,
thus effectively suppressing the e-cloud. For the high
luminosity upgrade of the LHC (HL-LHC), new ad hoc
surface treatments are envisaged on selected cryogenic
components, in particular, on the beam screens of the inner
triplet magnets focusing the beam in the four HL-LHC
interaction regions. Because of the modified HL-LHC
beam parameters, a reduction of the SEY below what
may be achieved with beam scrubbing is needed in order to
maintain the heat load on the cryogenic system within
acceptable margins, due to the power deposited onto the
cold surfaces by the e-cloud if this would occur [5,6].
Amorphous carbon (a-C) coating [7] is the baseline sur-
face treatment selected in the HL-LHC project for e-cloud
mitigation and will be applied through a combination of
ex situ and in situ coatings, for both integration of new cold
magnets and retrofitting of existing ones [8]. Laser surface
structuring (LESS) [9,10] of the copper surfaces facing the
beam is also being considered as a possible process to reduce
the SEY, due to the feasibility of in situ treatment [11].
In order to optimize laser processing conditions, we have
treated several samples in air and in a protective atmosphere
of nitrogen or argon and measured their SEY at both room
and cryogenic temperatures. These results are correlated
with x-ray photoelectron spectroscopy (XPS) analyses of
the surface composition combined with thermal annealing,
in order to characterize the differences in the degree of
surface oxidation.
II. EXPERIMENTAL SETUPS
A. Sample preparation and laser treatment
Samples were prepared out of 1-mm-thick copper UNS
C10100 (“OFE copper”) laminated sheets, cut into disks
of 29 mm diameter, degreased, and passivated at CERN
following standard procedures for UHV [12] prior to
shipping to the University of Dundee for laser treatment.
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The laser surface structuring was performed in a similar
way as discussed in Ref. [13] using a linearly polarized
pulsed (10 ps) laser beam with a wavelength of 532 nm at a
repetition rate of 200 kHz. The laser beam had a Gaussian
intensity profile (M2 < 1.3) and was focused onto the
surface using a telecentric lens that allowed for offsetting
the off-axis deflection of the beam through the focusing lens
system. The diameter of the focused spot—between the
points where the intensity has fallen to 1=e2 of the central
value—was measured to be about 12 μm. Throughout the
experiments, an average laser pulse energy of 5 μJ was used.
The laser beam was raster scanned across the target
surface at a scan velocity of 10 mms−1 using a computer-
controlled scanner system. Two different scanning tech-
niques were employed for these experiments, namely,
line-hatched (LH) scanning and cross-hatched (CH) scan-
ning. For the LH pattern, the laser was scanned only in one
direction, leading to approximately 240 pulses per spot
being fired onto the sample surface, while for the CH
pattern the laser was scanned over the surface in two
perpendicular directions to form a grid pattern, effectively
doubling the number of laser pulses per spot. Spacing
between scan lines (the hatch distance) was approximately
24 μm in both cases. In the present experiments, the
samples were treated at atmospheric pressure either in
air or by irradiating the samples through a glass enclosure,
which was backfilled with argon or nitrogen (see Fig. 1).
For the LH pattern, samples were produced using all three
different atmospheres, while CH patterned samples were
generated only in air. It was demonstrated in Ref. [13] that
the LH and CH patterns produced in air result in a very
similar SEY, with half the processing time for the LH
pattern, which made it the treatment of choice in the later
phases of the study.
After treatment, the samples were wrapped in silk paper
and a layer of aluminum foil and then packed into sealed
polyethylene bags filled with nitrogen prior to shipping.
The time between the sample laser treatment and the first
room-temperature SEY and XPS measurement was a
couple of weeks.
B. Sample characterization
XPS was used to identify and quantify elemental
composition of the surfaces as well as to distinguish the
oxidation states. XPS spectra were collected by a commer-
cial system equipped with a hemispherical energy analyzer
and a monochromated Al x-ray source. The binding energy
scale is calibrated by measuring reference spectra of
sputter-cleaned polycrystalline Au, Cu, and Ag samples.
The average pressure in the XPS analysis chamber is about
5 × 10−10 mbar, and the samples were introduced via a
load-lock system. The sample holder allows baking the
samples in situ up to 300°C.
Room-temperature SEY measurements were performed
inside this same system by means of an electron gun and a
revolving sample holder. The SEY is measured in two
FIG. 1. Schematics of the laser treatment setup. The chamber was filled with gas of 99.998% purity at a flow rate of approximately
5 L=min. The system was then allowed to reach equilibrium for several minutes before processing commenced.
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consecutive steps: In the first step, the sample is positively
biased (nominal þ45 V) while the electron beam energy is
scanned between 10 and 1200 eV. All secondary electrons
are thus collected back on the sample. We define the sample
current Ipe measured in this situation to be the current of the
primary electrons. In the second step, the sample is nega-
tively biased (nominal −45 V), and escaping secondary
electrons generated by the primary electron beam are driven
away from the sample. We define the sample current Iabs
measured in this case as the absorbed current. The SEY δ is
then determined by δ ¼ ðIpe − IabsÞ=Ipe. The presented data
are averaged values from three different spots of about 2 mm2
across the sample surface, and the precision of the measured
SEY values is estimated to be0.05. The total electron dose
for each measured curve is about 10−6 Cmm−2.
SEY measurements at cryogenic temperatures were
carried out in a separate custom-made system (“cold-
SEY”) described in detail in Ref. [14]. This system is an
all-metal UHV system with an operating base pressure of
1 × 10−9 mbar. A venting of the system is required for
sample exchange; thus, before all measurements, the entire
vacuum system is baked, typically for 20 h at 150°C while
the sample is kept at 120°C. A cold head cooled with liquid
helium acts as the sample holder and is used to cool the
sample surface to a temperature of ≈10 K, while a local
heater allows a controlled increase of the temperature. The
electron energy for the SEY measurements is scanned in
the range 150–1200 eV. In order to limit the irradiation of
the sample, the electron beam is pulsed with 80 ms pulse
length at a current of about 1 × 10−7 A. The secondary
electrons are detected on a positively biased collector
(þ45 V) coaxial with the beam, while the sample is
negatively biased (−9 V). The sample current Is and
collector current Ic are measured simultaneously, and
the SEY is calculated according to δ ¼ Ic=ðIc þ IsÞ. The
results have a standard deviation of 0.07 for three
subsequent experiments. The dose for each SEY mea-
surement including 21 data points at different electron
energies is about 10−7 Cmm−2 (equivalent to about
5 × 1011 electrons per mm2). As discussed in Ref. [14],
this dose is well below the level of damage of the
adsorbates and cannot produce any substantial surface
modification. Stability of the SEYunder electron bombard-
ment (“conditioning”) is investigated by continuous irra-
diation at an electron energy of 250 eV, the beam current
being approximately doubled and the beam size increased
from 7 to 11 mm2, in order to cover an area larger than the
measurement spot.
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FIG. 2. (a) Variation of the energy dependence of the SEY for a CH-patterned air-treated sample, for three consecutive measurements
at each temperature (RT denotes the measurements at room temperature). (b) Variation of the energy dependence of the SEY for a CH-
patterned air-treated sample after thermal treatment and short air exposure, for three consecutive measurements at each temperature. The
peak at 450 eV is an artifact of the measurement.
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III. EXPERIMENTAL RESULTS
Two identical samples treated in air with the CH pattern
were measured in the cold-SEY system. After bakeout
(120°C for each sample), the SEY was measured first at
room temperature. Afterward, the samples were cooled
down to approximately 10 K, and, subsequently, the
temperature was increased stepwise to 40, 80, and 95 K,
measuring the secondary electron yield at each temperature
as indicated in Fig. 2(a). The measurements were repeated
several times, displaying progressively a reduction in the
SEY at a low temperature. Upon increasing the temper-
ature, the samples did not seem, however, to retain any
memory of the improvement in the SEY measured at the
lower temperature step. In fact, by comparing the first
measurement on each curve, it appears that the variations
with the temperature are very weak and not monotonic, all
within the measurement uncertainty. This effect was
observed on both samples.
One of the samples was cooled to 10 K a second time and
irradiated with an electron dose up to about 1.8 ×
10−6 Cmm−2 (a 20× higher dose compared to a single
measurement) in two steps of 5 and 10 min duration. The
SEY measured at the end of each irradiation step was
higher than at the beginning; however, subsequent mea-
surements showed a decreasing trend similar to what is
visible in Fig. 2.
The other sample was instead transferred to the XPS
spectrometer to be heated in a vacuum at 300°C for 4 h. The
corresponding room-temperature SEY curves and XPS
spectra before and after thermal treatment are shown in
Figs. 3 and 4, respectively. The heat treatment results in a
strong reduction of the SEY. The sample was then exposed
to air to be transferred again to the cold-SEY system, and
SEY results acquired, following the same procedure as
discussed above, are displayed in Fig. 2(b). The cold-SEY
measurements confirm the reduction of the SEY after heat
treatment; however, the measurements at a low temperature
still exhibit a change in the SEY during measurement as for
the previous experiment (Fig. 2).
The XPS spectra of the sample before heating (Fig. 4,
black line) indicate the existence of a CuO layer, as they
agree with reference spectra [15,16] and the Cu2þ in CuO
exhibits an observable collection of satellite features in the
Cu 2p spectrum at 943 eV. The Cu 2p3=2 state is found at
933.9 eV binding energy (BE), and the Cu L3M4;5M4;5
Auger transition is located at 917.3 eV kinetic energy (KE),
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FIG. 3. Room-temperature SEY curves measured on the CH-
patterned air-treated sample before (blue line) and after (red line)
thermal treatment at 300 °C in a vacuum (no air exposure after
heat treatment). The energy for which the SEY increases above
unity is indicated.
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FIG. 4. X-ray photoelectron spectra of the Cu 2p state (left) and the Cu LMM Auger transition (right) of sputter-cleaned copper (red
line) and CH-patterned air-treated copper before (black line) and after (green line) the thermal treatment in a vacuum.
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leading to an Auger parameter of 1851.2 eV [17]. After
heat treatment at 300°C (Fig. 4, green line), this feature no
longer exists, and the main Cu 2p3=2 peak is shifted to a
lower BE of 932.7 eV. The shape of the Cu 2p spectrum
including the weak satellite structure at 947 eV and the Cu
LMM spectrum with an Auger parameter of 1848.9 eVafter
heating agree with reported measurements on Cu2O
[17,18,19] and do not fit to clean Cu after Arþ sputtering
(Fig. 4, red line). Consequently, the treatment in a vacuum
at 300°C thermally reduces the initial CuO layer to Cu2O.
Assuming a homogenous elemental distribution, we
have estimated the surface composition using cross sections
calculated from Ref. [20] and accounting for the energy
dependence of the inelastic mean free path and the analyzer
transmission function [21]. The first row of data in Table I
shows the estimated values for the sample treated in air
before and after vacuum annealing. The chemical reduction
of the CuO surface to Cu2O during annealing is also
represented by a strong decrease of the oxygen content,
while the initially already relatively low number of carbon
surface impurities is further diminished via thermally
activated desorption of surface adsorbates.
The scanning electron microscope (SEM) images in
Fig. 5, acquired using two different samples, show the
typical cauliflowerlike nanostructures that are formed at the
surface of the trench pattern (generated by the scanned
laser) of the microstructured Cu support [13]. From the
SEM images, there is no visible change in the size and
distribution of the redeposited copper nanoparticles
between the pristine and the heat-treated samples.
To further assess the effect of the surface oxide and
investigate its role in the SEY of laser-treated Cu surfaces,
several samples have been structured in different process
gases, namely, nitrogen, argon, and air as a reference.
Room-temperature SEY measurements of these LH-
patterned samples are illustrated in Fig. 6. The SEY curve
of the sample treated in air has a maximum SEY value
δmax ≈ 0.84 at the highest measured primary electron
energy of 1200 eV, in agreement with previous results
[13]. The SEY of the sample treated in nitrogen is
considerably lower, having δmax ≈ 0.66 in the primary
energy range 800–1000 eV. The SEY curve of the sample
treated in argon is instead higher, with SEY < 1 only for
energies below 250 eV and δmax ≈ 1.1 at 500 eV, and its
shape differs significantly from the others.
The corresponding results of XPS measurements are
illustrated in Fig. 7 and are compared to spectra of a sputter-
cleaned copper sample. The analysis indicates the presence
of copper oxide (CuO) on the sample treated in air, visible
from the Cu2þ satellite around 943 eV and the Cu 2p3=2
binding energy as well as from the Cu LMM transition at
917.6 eV KE [15] resulting in an Auger parameter of
1851.2 eV (spectra not shown), similarly to the previous
CH-patterned sample. The surface of the sample treated in
nitrogen is less oxidized [18], as the Cu 2p3=2 state at
932.8 eV is close to the BE of clean copper and Cu2O
[16,17] and only a slight satellite feature at 943 eV is
detected. The LMM transition in this case is detected at
916.6 eV KE (Auger parameter 1849.4 eV), which indi-
cates the formation of Cu2O. In addition, a N 1s signal at
397.5 eV is detected, which corresponds to an estimated
surface content of 6.2 at. % (see Table I). In order to
characterize the incorporation of nitrogen, we performed
UHVannealing at 300°C of the sample treated in N2. While
the initial oxide contributions in the Cu 2p and O 1s spectra
were strongly reduced in intensity, the N 1s signal remained
unchanged, and the surface content thus increased to 14.2
at. %. The N 1s binding energy and the Cu 2p spectral
distribution [22,23] as well as the thermal stability [24] of
TABLE I. Surface composition (in at. %) based on a quanti-
tative XPS analysis for Cu surfaces after laser treatment in
different atmospheres. The numbers are given for samples
measured as prepared after transport and insertion into the
analysis system, while the values in brackets are determined
after UHVannealing of the samples that had been laser treated in
air or N2, respectively.
Cu O C N
Air 21.5 52.9 5.3   
(63.2) (22.5) (1.8)   
N2 34.3 37.1 13.7 6.2
(69.2) (7.2) (9.3) (14.2)
Ar 19.3 50.2 17.3   
FIG. 5. SEM images of the sample after heat treatment compared to a similar reference sample before heat treatment.
OPTIMIZATION OF THE SECONDARY ELECTRON … PHYS. REV. ACCEL. BEAMS 23, 033101 (2020)
033101-5
the nitrogen content indicate the partial formation of a
Cu3N surface passivation during the laser treatment in N2.
In the case of Cu3N, the copper atoms are in oxidation state
Cu1þ, as they are in Cu2O. In accordance, the Cu 2p spectra
of Cu2O of Cu3N are quite similar in spectral shape and
core level binding energy [16,20] as well as Auger
parameter [17,21].
The spectra of the sample treated in argon and the
determined surface composition suggests oxidation of the
surface (the presence of Cu2O and hydroxide surface
groups), which can be identified by the binding energy
of the two features in the Cu 2p3=2 state at 934.3 and
932.3 eV BE, the rather broadened appearance of the Cu
LMMAuger line with a maximum at 917.0 eV KE, and the
shape of the Cu 2p satellite features [25]. The surface
stoichiometry could be either induced by reactions with
impurities in the inert gas during processing or by posttreat-
ment reactions in air, if the laser processing in argon creates
a nonpassivated and, hence, reactive surface.
The SEY of the samples treated in nitrogen, argon,
and air atmosphere measured with the cold-SEY system
are reported in chronological measurement order in
Figs. 8–10, respectively. In all cases, a reference meas-
urement at room temperature was performed first after
bakeout of the system, followed by the measurements at
a low temperature (≈10 K). The SEY values measured at
room temperature in the two experimental systems are
consistent within 0.1, compatible with the instrumental
uncertainties.
The SEY measured at a low temperature is higher than
the value measured at room temperature for the sample
treated in nitrogen (Fig. 8), while the values are almost the
same for the sample treated in argon (Fig. 9). The SEY
measurement was repeated several times without observing
any variation of the results for these two samples. After
irradiation of the samples with doses of 6.1 ×
10−6 Cmm−2 and up to 1.8 × 10−5 Cmm−2 (correspond-
ing to 5 and 10 min of constant irradiation, respectively,
similar to what done on the CH-patterned samples), a
progressive reduction of the SEY values is observed which
remains stable upon further measurements. This condition-
ing process might be ascribed to desorption of surface
adsorbates [14].
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(gray line). The results are the average of three measurements at
different locations at the sample. The energy for which the SEY
increases above unity is indicated.
1200 1000 800 600 400 200 0
Cu
 3
p
C1sN1s
O1s
Cu
 3
s
Cu LMM
)sti
n
u
.br
a(
ytis
net
ni
binding energy (eV)
 reference clean copper
 CuLESS air
 CuLESS N2
 CuLESS Ar
Cu 2p
960 955 950 945 940 935 930 925
Cu2+ satellite 
Cu 2p1/2
)sti
n
u
.br
a(
ytis
n et
ni
binding energy (eV)
 reference clean copper
 CuLESS air
 CuLESS N2
 CuLESS Ar
Cu 2p3/2
FIG. 7. XPS survey (left) and Cu 2p (right) spectra for samples treated under different atmospheres: nitrogen (red line), argon (blue
line), air (gray line), and reference sputtered copper (black line).
SERGIO CALATRONI et al. PHYS. REV. ACCEL. BEAMS 23, 033101 (2020)
033101-6
The behavior of the sample treated in air is entirely
different but similar to that already reported for CH-
patterned samples. The measurement at a low temperature
does not differ much from the measurement at room
temperature, but when repeating the SEY measurement
several times the curves decrease progressively. On the
other hand, when irradiating this sample with the same
doses as for the samples treated in an inert gas (Fig. 10), the
measured SEY curves behave in a rather erratic way.
After completion of the SEY and XPS analyses, SEM
images of the three differently treated samples were
acquired as shown in Fig. 11. Even though the general
enhancement of the surface to volume ratio is evident for all
treatments, there are distinct differences in the micro-
structure of the redeposited nanoparticles.
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FIG. 8. SEY measurements of a LH-patterned sample treated in
nitrogen atmosphere: at room temperature (black line), at ≈10 K
(green line), and after exposure to an electron dose of 6.1 × 10−6
(red line) and 1.8 × 10−5 Cmm−2 (blue line).
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FIG. 10. SEY measurements of a LH-patterned sample treated
in air: at room temperature (black line), at≈10 K (green line), and
after exposure to an electron dose of 6.1 × 10−6 (red line) and
1.8 × 10−5 Cmm−2 (blue line). The energy for which the SEY
increases above unity is indicated.
FIG. 11. Scanning electron micrographs of LH-patterned sur-
faces treated in nitrogen (top), air (middle), and argon (bottom) at
two different magnifications.
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IV. DISCUSSION
The measured strong decrease upon heat treatment of the
SEY of the CH-patterned air-treated sample, illustrated in
Fig. 3, can be directly correlated with the reduction of CuO
to Cu2O shown in the XPS measurements in Fig. 4. The
surface morphology of the reference sample and of the
heat-treated one appear in fact to be substantially identical,
as illustrated in Fig. 5, where the small differences in
contrast could be attributed to the difference in oxidation
state. An indirect confirmation that the surface geometry is
unchanged is given by the fact that the two curves in Fig. 3
are proportional to each other with a proportionality factor
of 1.85 and, thus, retain their overall shape, which typically
depends mostly on surface topography [26].
In a similar way, the LH-patterned sample treated in air
displays a higher SEY than the sample treated in nitrogen,
as illustrated in Fig. 6. In this case, the main difference in
the XPS analysis shown in Fig. 7 is the strong presence of
CuO on the air-treated sample, compared to the almost
entirely metallic Cu state with some Cu2O of the nitrogen-
treated one. Both samples display a similar morphology,
illustrated in Fig. 11. The sample treated in air exhibits the
highest packing density of particles at the surface covering
the whole trench pattern of the microstructured Cu support.
The particle coverage for the surfaces generated in nitrogen
is almost comparable, but the variation of size is slightly
larger, and the surface shape is more irregular, which might
suggest a less efficient SEY reduction potential. These
differences are insufficient (and with an opposing trend) to
explain the large difference in SEY, which could thus be
attributed mostly to the difference in surface oxidation. In
all cases, the presence of CuO appears thus to be detri-
mental to the SEY. Experiments to produce and measure a
reference CuO sample are in progress.
The presence of CuO, although mostly reduced to
Cu2O after heat treatment, leads probably to surface
charging during electron bombardment at a low temper-
ature and, thus, to the change of SEY shown in Fig. 2. CuO
and Cu2O are both p-type semiconductors [27,28], and the
occupation of the valence by thermally excited holes, the
hole mobility, and the extrinsic defects in CuxO determine
their electrical conductivity. Although the hole mobility
typically increases at a low temperature [29], this effect
is more than compensated by the reduction of the concen-
tration of charge carriers leading to a drastic reduction of
the conductivity by several orders of magnitude [30,31,32]
for thin films. In the case of laser structuring, the surface
is composed of separated oxidized copper nanoparticles
which can, thus, be subject to charging at cryogenic
temperatures if they are exposed to a flux of electrons
as in the SEY measurements. This could explain the
behavior of the air-treated samples at a low temperature,
the surface charging leading to the erratic changes of SEY
shown in Figs. 2 and 10, without any substantial con-
ditioning effect.
For the sample treated in Ar, the attached particles on the
surface are in tendency much smaller, and they do not form
a densely closed cover layer (Fig. 11). Consequently, parts
of the underlying Cu structure are visible in the SEM
pictures. This difference in structure explains the different
shape of the SEY curve for the treatment in Ar (Fig. 6).
A maximum of the SEY δmax ≈ 2around 300 eV is typically
found for flat copper [33], and the only partial coverage of
the surface treated in Ar induces an intermediate SEY
reduction (δmax ≈ 1.3) with a moderate shift of the peak to a
higher energy at around 500 eV. For the samples treated in
air or N2, the more complete nanoparticle coverage allows
for a much more efficient SEY reduction, with the peak
potentially being shifted to energies above our maximum
experimental value [34].
The variations in morphology between the three gases
are in agreement with the current literature. The presence of
oxygen favors the coalescence and appearance of redepos-
ited nanoparticles during laser ablation [35,36] and the
formation of CuO at their surface. Nitrogen appears also to
favor the coalescence of nanoparticles, probably through
surface reaction with copper, resulting in a nonoxidized
nanostructured surface which stands postoxidation upon
ambient air exposure [36,37]. Conversely, treatment in
argon typically does not result in strong nanoparticle
formation, and the surface is oxidized to Cu2O and copper
hydroxide upon air exposure after treatment [35]. We have
indeed observed a strong production of visible vapors
during laser structuring in air and nitrogen, possibly
correlated with the larger quantity of nanoparticles formed
on the surface of the samples.
In summary, the comparison of structural SEM analysis
with the SEYand XPS results reveals that the surface layers
formed in different atmospheres have varying surface
properties. The sample treated in air exhibits a thick and
dense coverage of CuO particles, and the potential for SEY
reduction is limited. In addition, this results in surface
charging at cryogenic temperatures. The laser structuring in
argon does not generate such a strong surface oxidation,
leaving mostly Cu2O and Cu hydroxides, but at the same
time the particle density at the surface is lower, leading to
lower SEY reduction capability. The optimum treatment
in terms of the SEY at room and low temperatures appears
to be the laser processing in N2, since it combines the
advantages of generating a relatively high nanoparticle
density for efficient SEY reduction with the circumstance
that these remain mainly metallic, preventing any surface
charging or any other phenomena detrimental to the SEY.
V. CONCLUSIONS AND OUTLOOK
Laser surface structuring for SEY reduction has been
performed on copper samples, in different gas atmospheres.
Samples that underwent structuring in air exhibit an
oxidized surface, mostly in the form of CuO, which
charges when exposed to an electron beam at cryogenic
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temperatures, impairing a correct SEY measurement.
On the other hand, laser treatment in N2 or Ar strongly
decreases oxide formation, with the sample treated in N2
displaying an almost entirely metallic Cu state, allowing
stable and reproducible performance of secondary electron
emission characteristics. The e-cloud suppression pro-
perties of laser-structured surfaces of beam pipes at
cryogenic temperatures in particle accelerators such as
the HL-LHC might also be affected by charging effects
at the surface oxide. Therefore, a laser treatment in a
protective atmosphere can promote safe and reproducible
accelerator performance. To this extent, LESS produced
in N2 has demonstrated the lowest SEY at room and
cryogenic temperatures in our experiments and is, there-
fore, the most promising procedure for a future large-scale
implementation [11].
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